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The latter point is particularly important because while it might seem that YHB's article 1 focuses on hybrid LCA and process-based LCA it must be noted that the two are linked 2 precisely by the IO system used. More specifically, YHB start their analysis with a very 3 specific process system that does not reflect well the sectoral interdependencies 4 observed in the real world. This is then used as the input to develop an equally specific 5 IO system that does not resemble a real economy. As such, to prove or disprove the 6 merit of hybrid LCA both an appropriate process system and a realistic IO system must 7 be used. 8 9
This article will unfold as follows: In Section 2 we present an example for a strongly 10 coupled process system with higher feedback, and show that truncation errors in this 11 system significantly increase. In Section 3 we present an associated strongly coupled 12 input-output system with higher feedback, and show that aggregation errors do not 13 significantly increase. In Section 4 we show the truncation error in realistic systems. In 14
Section 5 we present an input-output system where aggregation occurs across sectors 15 with less different physical attributes, and show that aggregation errors significantly 16
decrease. In Section 6 we conclude. 17 18
2. An alternative, more realistic technology matrix 19 20 In a first step, we construct an alternative hypothetical example, and modify YHB's 21 technology matrix ‫ۯ‬ as follows 1 : 22 23 
25
In essence, we introduce additional interdependencies and couplings between the 26 activities. First, we assume that corn and wheat cultivation as well as machinery 27 manufacturing requires twice as much energy (red shadings). Second, we assume that 28 corn cultivation is highly mechanised, and increase machinery use from 0.01 to 0.25 29 (green). Third, we assume that the energy system is largely run on corn-based biofuels, 30
and set a technology coefficient of 0.5 (yellow). This system involves a wider range of 31 necessary inputs, and represents sufficient information for calculating the cradle-to-32 gate emissions of popcorn making. 33 34
Using the same CO2 coefficients vector ۰ = ሾ2 7 1.5 3 1ሿ kgCO ଶ and the same 35 functional unit vector = ሾ0 0 0 0 1ሿ′ as YHB, the new cradle-to-gate CO2 emissions 36 (kg) are ‫ܕ‬ ୱୡ = ۰ ‫ۯ‬ ୱୡ ିଵ = 8.78. This value will be used as a benchmark to evaluate 37 the truncation error of process-based LCA and the aggregation error of hybrid LCA as in with ۰ ଵ = ሾ7 1.5 3 1ሿ kgCO ଶ and ଵ = ሾ0 0 0 1ሿ′, the cradle-to-gate CO2 emissions 4 are ۰ ଵ ‫ۯ‬ ଵୱୡ ିଵ ଵ = 2.35, resulting in a relative truncation error of 70.8% for the process 5 system, which is higher than the relative aggregation errors of YHB's input-output 6 systems. 7 8 9 3. Aggregation error in an input-output system with strong feedback 10 11
In the following, we show briefly that for our example in Section 2, aggregation errors 12 are not significantly influenced by variations in feedback. We now need to translate the 13 strongly coupled process system ‫ۯ‬ ୱୡ into the input-output formulation 3 , and then 14 aggregate using YHB's aggregator matrix j. (4) and (5) We find ۰ ଶ (۷ − ‫ۯ‬ ଶୱୡ ) ିଵ ଶ = 15.93. The relative aggregation error is 70.0%, only slightly 3 above YHB's value, and below the truncation error for the strongly coupled system. 4 5 4. Truncation error in realistic systems 6 7
The increase of the truncation error can be understood in terms of system convergence. 8
This means that process analysis often omits the pollutant emissions and resource 9 requirements of upstream layers of the supply chain. To show this, we unravel cradle-10 to-gate CO2 emissions into an infinite series of production layers (for further reading 11 see Suh and Heijungs, 2007) . For example, for the strongly coupled system, this takes 12 the following form:
where ۷ is an identity matrix with the same dimensions as ‫ۯ‬ ଶୱୡ and n is the order of 17 production layer. In equation 3, the term 
Indeed, the convergence of the more realistic input-output system ‫ۯ‬ ଶୱୡ towards 7 completeness is much slower than that of YHB's system ‫ۯ‬ ଶ (Fig. 1) . Hence, any 8 truncation of the system will have a more profound effect on total cradle-to-gate 9 emissions. For example, omitting all 3 rd and higher-order production layers will lead to 10 a truncation error of less than 1% in YHB's system, but of about 41% in the process 11 system with increased feedback. 12 13
System feedback and convergence of process systems can be characterised by the real 14 part of the dominant eigenvalue ߣ ୫ୟ୶ of the coefficients matrix A of an input-output 15 system (the "dominant eigenvalue" or "eigenvalue" hereafter), or for the (۷ − ‫)ۯ‬ matrix 16 of a process system (Lenzen, 2000; Lorenzen, 1981; Peters, 2006 5 The eigenvalues ߣ of matrices with real entries (such as LCA process matrices or IO input coefficients matrices) may be complex, however these then always appear in complex conjugate pairs. The elements in any vector of powers ߣ of eigenvalues also appear in complex conjugate pairs. Given that the system convergence and Lundie (2012), for example, is expressed in purely mass flow units, and excludes all 5 non-material inputs for example services such as insurance, accounting, transport, 6 electricity etc. Services have been shown to be quite important in terms of energy, 7 materials and emissions, once supply-chain contributions are taken into account; 8 therefore they may be easily overlooked in process databases. Suh (2006) , for example, 9
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showed that whilst services contributed only 5% to the US' emissions inventory 10 directly, they were responsible for 38% of the life-cycle emissions of US final 11 consumption. Similarly, Nansai et al. (2009) highlighted the increasing importance of 12 energy and materials required in the supply chains of services consumed in Japan. This 13 M A N U S C R I P T Overall, the low dominant eigenvalue of YHB's systems ‫ۯ‬ and ‫ۯ‬ * casts some doubt on 22 their suitability for representing a reference, or "true" system. In reality, popcorn 23 making would require a host of additional, often non-material inputs such as business 24 services, printing, office equipment, insurance, packing and cleaning services, marketing 25 services, advertising signs, building and machinery repairs, road transport, freight 26 handling, and many more. These inputs would in turn depend on other inputs such 27 energy generation, thus introducing feedback loops into the system. It is hence likely 28 that any modern production system would be heavily interconnected with the rest of 29 the economy, thus exhibiting a large eigenvalue and slow convergence, and therefore 30 potentially large truncation errors. 31 32 33
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5. Aggregation in input-output systems 34 35
The finding from Section 2 is not surprising, because an important determinant of 36 aggregation errors in input-output systems is not feedback, but sector heterogeneity 37 (Lenzen, 2011) . In YHB's case, the main heterogeneity lies in the difference between the 38 first two entries in ۰ * , 1 and 5, causing the high aggregation error of 64.3%. When these 39 Sector aggregation is a well-known problem in input-output analysis, and in order to 4 avoid very high aggregation errors very dissimilar sectors should not be combined.
5
Disaggregation is possible and advantageous even if complete information for 6 disaggregating an input-output system does not exist (Lenzen, 2011) . During the 7 development of the Australian Industrial Ecology Lab (Lenzen et al., 2014) for example, 8 the input-output sector classification available from the Australian Bureau of Statistics 9 was significantly expanded (from 106 to 1284 sectors) on the basis of partial 10 information. In particular, rice growing was split from other grains because of its water 11 use intensity, aluminium was separated from other non-ferrous metals because of large 12 energy inputs into aluminium smelting, beef cattle were distinguished from dairy cattle 13 because of widespread land clearing and greenhouse gas emissions associated with beef 14 production.
16
Overall, hybrid LCA is not a panacea, nor is it a blanket solution for all policy-related and 17 environmental decision-making. However, it is important to reflect on (and even 18 criticise) the tool based on its real features. A five-sector, weakly coupled, and strongly 19 aggregated economy might simply not be a sufficient example to truly identify and 20 discuss the limitations of, and further the debate on, hybrid LCA. This is particularly 21 true when considering coupling existing multi-regional input-output (MRIO) databases 22 to a process-based LCA, because the former feature typically between 50-500 sectors 23 for any given country, resulting in thousands of different region-sector pairs (Tukker 24 and Dietzenbacher, 2013) to map product flows and relationships between economies. Hybrid LCA is often under scrutiny for the claims that it produces higher accuracy in its 3 results than process-based LCA (Treloar, 1997; Treloar, 1998 In their recent work, YHB analysed the magnitude of truncation and aggregation errors 8 in -respectively -process-based and hybrid LCA, and concluded that hybrid LCA 9 does not necessarily produce more accurate results than process-based LCA. However, 10 we have shown that the hypothetical five-sector economy they have used to prove their 11 point is an extreme example, which is characterised by a process system with an 12 unusually low truncation error, and by an input-output system with an unusually high 13 aggregation error. 14 15
We have demonstrated that their argument does not hold when their case is modified to 16 be similar to a real economy with technological and sectoral interdependencies. 17
Specifically, introducing more feedback and coupling between the sectors of the 18 economy slows down convergence of the cradle-to-gate inventory, and increases the 19 truncation error of the process-based LCA whilst introducing more feedback and 20 coupling does not increase the aggregation error of hybrid LCA as much.
22
To ensure that our counterargument would not just be a mathematical exercise we have 23 introduced sectoral and technological interdependencies that are realistic and 24
representative of those of a real economy. This is further supported by the calculation of 25 the dominant eigenvalue of the technology matrix which -in our case -is in line with 26 those of real economies whereas YHB's is unusually low. Additionally, we have also 27 developed a simple process system based on ecoinvent data, which further indicates the 28 unrepresentativeness of YHB's technology matrix.
30
This is important at a time where LCA (in its several forms) is ever growing and being 31 used for ever more important policy decisions. We are still far from perfecting LCA 32 theories and methodologies, and therefore every contribution is useful to foster the 33 debate and promote new insights. Yet, we should try to challenge the status quo bearing 34 in mind that LCA will be used as a tool for real-life application and not in a mathematical 35 exercise. 
